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Abstract As one of the worlds’ most heavily applied
herbicides, atrazine is still a matter of controversy. Since it
is regularly found in ground and drinking water, as well as
in sea water and the ice of remote areas, it has become the
subject of continuous concern due to its potential endocrine
and carcinogenic activity. Current findings prove long-held
suspicions that this compound persists for decades in soil.
Due to the high amount applied annually all over the world,
the soil burden of this compound is considered to be
tremendous, representing a potential long-term threat to the
environment. The persistence of chemicals such as atrazine
has long been underestimated: Do we need to reconsider
the environmental risk?
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Since its introduction in the late 1950s the pre-emergent
herbicide atrazine (6-chloro-N2-ethyl-N4-isopropyl-1,3,5-
triazine-2,4-diamine) has been among the most heavily
used pesticides in the world. In the US, it has been ranked
at or near the top, with up to 36,000 tons, applied annually
since 1990, mainly for corn production (USEPA 2006).
Atrazine is also used in Canada, Africa, and the Asia-
Pacific region (Huang et al. 2003; Kegley et al. 2010). In
Europe, atrazine was used until the early 1990s when it was
banned or severely restricted in most EU countries because
drinking water concentrations exceeded or were estimated
to exceed permitted limits. In 2004, the application of atrazine
was finally banned in the European Union (E.U. 2004).
Atrazine and its metabolites are well dispersed in the
environment and persistent.
Atrazine use has resulted in widespread contamination of
ground and surface waters and dispersal in the atmosphere.
Atrazine is one of the most frequently detected pesticides in
freshwater sources in the US (USEPA 1990; Benotti et al.
2009; Gilliom et al. 2006). Atrazine has been detected in
rainwater frequently and in different places (Brun et al. 2008;
Goolsby et al. 1997; Bossi et al. 2002;S a n u s ie ta l .2000),
and also in fog, ambient air, arctic ice, and seawater—all at
great distances from urban and agricultural areas (Glotfelty et
al. 1987;C h e r n y a ke ta l .1996). Additionally, recent
evidence of endocrine disruption (ED) activity of atrazine
itself at environmentally relevant concentrations is cause for
serious concern. In terms of a precautionary approach, we
believe that the further use of atrazine should be halted or
greatly curtailed.
Atrazine and its metabolites can persist in water and soil
for decades. Even more than 18 years after it was banned in
Germany, atrazine remains the most abundant pesticide in
groundwater samples (LAWA 2003). The results of an
atrazine long-term aging and a bioaccessibility study
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underscore the high persistence of atrazine and its metab-
olites in soil. In 1983, a mixture of atrazine and atrazine
14C
labeled in the triazine ring was applied to a lysimeter in a
corn field over three successive years at an application rate
that was customary at the time (approximately 1.7 kg of
active ingredient per hectare), without any further atrazine
applications thereafter; 22 years later, 25% of the total
applied
14C activity was still present in the entire lysimeter
soil. The major residual fraction of the applied
14C activity
was located in the upper 10 cm of the lysimeter soil,
accounted for 9% of the initially total applied
14C activity
(Jablonowski et al. 2008b). In this 10-cm layer, the residual
14C activity accounts for 0.5 kg atrazine equivalents, and
we were able to extract with water–methanol solution 1.5 g
atrazine, 75 g 2-hydroxy-atrazine (the initial hydrolysis
product and microbial metabolite), extrapolated per hectare
(Jablonowski et al. 2009). We assume that a considerable
amount of the
14C activity in the unidentified residue can be
attributed to compounds with the triazine ring intact, since
atrazine and 2-hydroxy-atrazine were extractable with weak
solvents, and since cleavage of the triazine ring results in
rapid mineralization. In our recent study, we found atrazine
in an agriculturally used soil extractable in much higher
amounts (approximately 19.5 g atrazine, calculated per
hectare) 20 years after the last field application, as well as a
number of atrazine metabolites in agricultural soils without
documented atrazine application history (Jablonowski et al.
2010). Already Capriel et al. found that 83% of initially
applied
14C-atrazine activity remained in the soil after an
aging period of 9 years (Capriel et al. 1985). Both of these
aging experiments involved limited applications of the
herbicide; however, when applied annually over many
years as in normal agricultural use, the accumulated amount
of residues in soil is calculated to be substantial, even
though the quantity of applied active ingredient in normal
agricultural use was reduced to approximately 0.5 kg per
hectare within the last years. The high persistence of
atrazine ring carbon is not completely understood and
could be due to a combination of binding to the soil
matrix in unavailable forms or lack of metabolic capabil-
ity. The accumulation of the parent compound in soil may
represent a long-term source of dissolved or colloid-bound
atrazine and its metabolites to ground water or surface
waters. It is well-known that repeated application of
atrazine leads to accelerated degradation due to the
emergence of microbial populations that can use it as a
source of nitrogen and carbon (Krutz et al. 2010;
Martinazzo et al. 2010). However, our current studies
suggest that even in soils showing an enhanced degradation
of atrazine, a certain fraction of atrazine and its metabolites
remains non-degraded but extractable (Jablonowski et al.
2010).
That, after decades of weathering, atrazine is still
detectable, and metabolites (apparently with triazine ring
intact) are still abundant in soil, underscores the need to
assess the environmental behavior of this herbicide on
longer time scales. A dissipation “half-life” (DT50), based
on short-term laboratory experiments, is frequently used to
characterize pollutant persistence despite questions about
the concept. The lysimeter study clearly demonstrates the
invalidity of applying a DT50 value obtained from short-
term experiments to long time scales; after 22 years we
found a 550-fold greater concentration of atrazine than
predicted by a DT50 of 1 year (Jablonowski et al. 2009)—
the longest among several reported values based on short-
term experiments (Jones et al. 1982). Whether such
residues in place represent a risk remains an area of active
debate. Periodic rainfall or irrigation may result in pulse
inputs to underground or surface drinking water sources
(Pignatello et al. 1993).
Exposure to atrazine may represent a potential threat to
human and ecosystem health. Potentially the most serious
threat is ED (Solomon et al. 2008; Rohr and McCoy 2010).
The maximum allowable contaminant level for atrazine in
drinking water is 0.1 μgL
−1 (European Union), which was
set as a precautionary value without toxicological effects
for humans, 2 μgL
−1 (World Health Organization) or
3 μgL
−1 (United States Environmental Protection Agency -
USEPA), but at doses as low as 0.1 μgL
−1, atrazine was
found to cause dramatic changes in sexual differentiation in
amphibians indicating a potential role in global amphibian
decline (Hayes et al. 2002a, b; 2010; Tavera-Mendoza et al.
2002). Other studies, however, have found no ED in
amphibians or mammals (Jooste et al. 2005; Trentacoste
et al. 2001; Solomon et al. 2008; Spolyarich et al. 2010;
Kloas et al. 2009). Most contradicting studies addressing
the ED effects were conducted using the African clawed
frog Xenopus laevis. To address the ED uncertainties
regarding this test organism, a large set of experiments
were conducted under guidance of the USEPA, coming to
the conclusion that exposure to atrazine does not affect
growth, larval development, or sexual differentiation (Kloas
et al. 2009). In how far the scientific findings regarding ED
effects in the test organism X. laevis can be extended to
native frog species has been questioned previously (Renner
2008). However, a recently published meta-analysis of the
existing literature “reveals consistent effects of atrazine on
freshwater fish and amphibians,” leading to the conclusion
that the adverse “effects of atrazine must be weighed against
any of its benefits” (Rohr and McCoy 2010). Reports
appearing roughly the same time and not included in that
review substantiate the claim for adverse reproductive effects
of atrazine on fish (Tillitt et al. 2010) and amphibians
(Langlois et al. 2010) at environmentally relevant concen-
trations in water (on the order of 1 μgL
−1). Still, others show
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and McLaughlin 2010; Olivier and Moon 2010)o ra d v e r s e
reproductive effects on rats (Abarikwu et al. 2010)a tm o r e
elevated concentrations. It appears that the issue is not
completely resolved at this time.
Given the widespread dispersal and persistence of
atrazine and its metabolites in the environment, the claim
of ED effects among amphibians and mammals, if valid, is
cause for alarm. A USEPA decision document for atrazine
issued in 2006 and a white paper in support of this “Interim
Reregistration Eligibility Decision on Atrazine” (Steeger et
al. 2007; USEPA 2006) seemed to give it a clean bill of
health, and, citing the contradicting studies, referred to the
ED potential as being merely “hypothetical at this time.”
Since the 2006 review, however, a USEPA scientific
advisory panel has decided to re-evaluate the potential
health effects of atrazine on humans because of epidemi-
ological data meeting the agency’s criteria suggesting an
association between atrazine and delayed menopause,
increased gestational diabetes or reduced semen quality
(Erickson 2010).While these studies cannot be used in
quantitative risk assessment according to the agency
because they lack exposure–response and individual expo-
sure measurements, they are nevertheless consistent in
many ways with animal toxicological studies and USEPA
is taking them seriously.
Regardless of whether or not atrazine is found safe for
humans, the demonstration of ED effects in wildlife at
environmentally relevant concentrations is justification for
a re-evaluation of the continued broad-scale use of atrazine.
One’s first reaction is to decry the paucity of data and lack
of understanding of the fate and effects of atrazine.
Obviously, a priority should be to resolve the ED
controversy surrounding atrazine. Studies with this goal in
mind should be conducted by independent parties without a
stake in the outcome, include all relevant test organisms,
take into account the differing reproductive cycles of
individual organisms, and be performed at field-relevant
dose regimes. Unfortunately, official standards for evaluat-
ing ED potential of anthropogenic chemicals in general do
not yet exist, no doubt encumbered by the experimental
challenges inherent in ED. Long-term effects on wildlife,
particularly aquatic organisms, are difficult to simulate in
the laboratory, both as a result of potential time limitations
due to organisms’ seasonal reproductive cycles and the
complex interactions and food chain dependencies that
affect the system-wide movement of pollutants in the
environment. Effects on humans remain a possibility but
are even more difficult to evaluate. While atrazine
metabolites are typically less acutely toxic than atrazine
itself, little is known about their ED effects (Tran et al.
1996) while many of them are more persistent than atrazine
and remain water extractable even after long-term aging
(Jablonowski et al. 2008a). To date, data on the ecological
impact of the various atrazine metabolites in environmen-
tally relevant concentrations sparsely exist. Due to the fact
that many of them are widely dispersed in waters and have
been found in greater concentrations than the parent
compound atrazine (Loos et al. 2010; Lerch et al. 1998),
atrazine metabolites should be considered more in testing
protocols.
All available information clearly suggests that it will
take decades for atrazine and the accumulated metabolites
to be degraded in the environment. In the meantime,
ongoing surveillance of atrazine and its metabolites in
ground/surface waters and soils is essential, not only in
areas of direct application but also in remote areas. Further
research on the environmental behavior of atrazine and its
degradation products should be supported. Since soil is a
long-term sink for many chemical pollutants, the data
obtained for atrazine are likely to have broad relevance. A
concerted effort is needed to obtain more conclusive data
on the ED effects of atrazine and its metabolites on
amphibians and mammals, and humans, to finally recon-
sider the wide use of atrazine.
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